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Rice yield is highly sensitive to increased temperature. Given the trend of increasing
global temperatures, this sensitivity to higher temperatures poses a challenge for
achieving global food security. Early seed development in rice is highly sensitive to
unfavorable environmental conditions. Heat stress (HS) during this stage decreases seed
size and fertility, thus reducing yield. Here, we explore the transgenerational phenotypic
consequences of HS during early seed development on seed viability, germination, and
establishment. To elucidate the impact of HS on the developmental events in post-
zygotic rice seeds, we imposed moderate (35◦C) and severe (39◦C) HS treatments
initiated 1 day after fertilization and maintained for 24, 48, or 72 h. The transient HS
treatments altered the initiation of endosperm (ED) cellularization, seed size and/or the
duration of spikelet ripening. Notably, seeds exposed to 24 and 48 h moderate HS
exhibited higher germination rate compared to seeds derived from plants grown under
control or severe HS. A short-term HS resulted in altered expression of Gibberellin (GA)
and ABA biosynthesis genes during early seed development, and GA and ABA levels
and starch content at maturity. The increased germination rate after 24 of moderate HS
could be due to altered ABA sensitivity and/or increased starch level. Our findings on the
impact of transient HS on hormone homeostasis provide an experimental framework to
elucidate the underlying molecular and metabolic pathways.
Keywords: heat stress, seed development, seed priming, ABA-GA crosstalk, endosperm
INTRODUCTION
Rice (Oryza sativa L.) is one of the most important crops for global food security. Together with
maize and wheat, these three cereals provide more than 50% of the food calories for humans as
well as livestock feed, especially in Asia, Africa, and Latin America. Rice is grown under a variety of
environments with an estimated planted area of 161 million ha (Seck et al., 2012). Current global
climate predictions are expected to negatively impact rice production. It is estimated that increased
temperatures will decrease rice production by up to 25% (Wassmann et al., 2009; van Oort and
Zwart, 2018). Two major factors causing decline in rice yield are: heat stress (HS) induced sterility
and shortening of the growing season (Tao et al., 2008; Li et al., 2015; van Oort and Zwart, 2018).
A shorter growing season could be particularly detrimental during the reproductive
development. Increased temperatures following fertilization negatively affect grain development
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(Folsom et al., 2014; Begcy and Walia, 2015; Chen et al., 2016;
Begcy and Dresselhaus, 2018). Accelerated seed development
and reduced seed size are the most significant consequences of
HS during early seed development (Folsom et al., 2014). The
process of grain filling, which involves nutrient accumulation
in developing and maturing grains, is also sensitive to
environmental conditions and has strong effects on final yield
and quality (Yang and Zhang, 2006). Early seed development
entails an initial free nuclear stage (syncytial) and is followed by
cellularization of endosperm (ED) nuclei. The cellularized ED
continues to undergo mitotic divisions. The rate and duration
of nuclear divisions and subsequent mitotic cell divisions are
important determinants of sink capacity during grain filling
stage. Environmental perturbations during the initial phases
likely affect later stages of seed development and consequently
grain size (Li et al., 2018). Several regulatory and metabolic
pathways have been associated with abiotic stress induced seed
development (Borisjuk et al., 2004; Whittle et al., 2009; Folsom
et al., 2014; Begcy and Walia, 2015; Hu et al., 2015; Chen
et al., 2016). Most acute and sustained HS studies only report
treatment effects on seed size and molecular network patterns
for the generation in which the stress was applied (Grass and
Burris, 1995; Suzuki et al., 2013; Folsom et al., 2014). The
transgenerational impact of HS is much less characterized.
HS during seed development significantly affects seed quality,
dormancy, germination, and emergence as well as seedling
establishment (Khan, 1976; Finkelstein et al., 2008; Brunel-
Muguet et al., 2015). Increased temperatures had a strong
negative effect on seed germination potential and resulted in
reduced seed viability and poor germination (Fahad et al., 2017).
Decreased germination and seed vigor due to HS have been
associated with reduced thermostability of the plasma membrane
as well as membrane fluidity (Saidi et al., 2010; Fahad et al., 2017),
which delayed activation of Ca2+ signaling, kinases, and heat
shock factors (Sangwan et al., 2002; Hofmann, 2009; Saidi et al.,
2010).
Hormonal and other chemical treatments can improve seed
germination, establishment, and seedling vigor through a process
called seed priming. In rice, seed priming is used to achieve
faster and more uniform emergence (Farooq et al., 2006; Hussain
et al., 2017; Ruttanaruangboworn et al., 2017). Seed priming has
agricultural applications and will likely gain more importance as
farmers seek greater resilience in their production practices under
shifting weather patterns. A better understanding of seed priming
and its modes of activity would therefore be of considerable value.
Two major phytohormones, ABA and Gibberellin (GA) play
antagonistic role in response to stress and during normal plant
development, especially during seed germination. Endogenous
ABA and GA levels negatively and positively regulate seed
germination, respectively (Koornneef et al., 1982; White et al.,
2000). A Comparison of dormant and non-dormant rice cultivars
showed that ABA and GA exhibit dynamic fluxes during early,
late and middle stages of seed development (Liu et al., 2014).
In addition, exposure to HS can cause increase in ABA levels,
while decreasing GA biosynthesis (Toh et al., 2008). In this study,
we aimed to elucidate the effect of transient HS during early
seed development on germination and seedling vigor of seeds
derived from control and stressed plants. Our data suggest that
the rate of seed germination depends upon the duration and
intensity of thermal stress to which maternal plants were exposed.
To understand the physiological mechanisms underlying altered
germination, we examined the ABA, GA and starch contents of
mature seeds. We also analyzed the temperature induced changes
in expression of genes involved in GA and ABA metabolism
during early seed development.
MATERIALS AND METHODS
Plant Material and Heat Stress Treatment
Rice seeds (O. sativa var. Kitaake) were germinated on filter
paper moistened with autoclaved double-distilled water (ddH2O)
under dark conditions. The germination was conducted in
growth chambers (I-36VL; Percival Incubators) at a constant
temperature of 28◦C. After germination, seedlings were
transplanted to field soil in 4′ square pots. Plants were grown
in standing water under controlled conditions (27–30◦C) in the
greenhouse until approaching anthesis. Plants were transferred
to growth chambers 1–2 days before panicle emergence with a
16 h-light/8 h-dark cycle (300 – 400 µmol photons m−2s−1) at
28◦C for non-stressed (NS) control conditions and 35 and 39◦C
for moderate and severe HS, respectively, and a relative humidity
of 75 to 80%.
Unfertilized ovules were observed in the morning and then
closely observed before the fertilization event. Closed spikelets
with anthers located outside were then marked as fertilized by the
afternoon. Plants were kept in control conditions until 24 h after
fertilization (HAF) to assure that the marked seeds underwent a
normal fertilization process and embryo and ED development
processes have initiated. Post-fertilization HS was imposed for
24, 48, or 72 h. Only a few spikelets were collected from each
plant. After the HS treatment, plants were moved back to the
greenhouse and grown under control conditions until maturity
for final seed phenotypic characterization. For all measurements,
control and HS seeds were obtained from at least 20 plants for
each of the five replicates. In rice, seed ripening involves changes
in hull coloration from pale green to yellow-brown. Yellow-
brown colored seeds were scored as ripened. For all seed ripening
measurements, at least 20 plants in each of the four replicates
from NS and HS seeds were used. Ripening rate was measured
by scoring ripening every 4 days after fertilization.
Germination and Post-germination Assay
Surface-sterilized dehulled seeds were germinated on wet filter
paper in dark. Seeds obtained from plants exposed to HS and
NS control conditions during early seed development were used
for germination test. Seeds that exhibited radicle and coleoptile
emergence were scored as germinated. Germination rate was
measured by scoring germination every 6 h after imbibition
(HAI) for 3 days. Assays were repeated four times and 20 seeds
per treatment were used for each experimental replicate. To
further test whether the hormone signaling of HS seeds affected,
we applied 5 µM ABA (2-cis-4-trans-abscisic acid, 98% synthetic,
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Sigma-Aldrich) and 1 µM GA (Gibberellic acid, 95%, Sigma-
Aldrich) in water on germinating seeds. For post-germination
assays, seedling growth was measured at 5, 8, and 10 days after
imbibition (DAI).
Histological Analysis
Rice plants were prepared as above and three independent
experiments were performed to collect seeds for sectioning.
The images of seed sections in Figure 3 are representative of
our observations across the replicates. For each time point,
20 developing rice seeds were harvested at 24, 48, 72, and 96
HAF, then fixed in a solution constituted of 3.7% formaldehyde,
5% acetic acid, and 50% ethanol at 4◦C overnight. Samples
were dehydrated through a graded ethanol series and infiltrated
with xylene. Seed samples were embedded in paraffin (Fisher
Scientific, Hampton, NH, United States), sectioned at a thickness
of 10 µm, and stained with 0.1% toluidine blue. Sections were
observed and photographed using a bright-field microscope
(Leica DM-2500).
Total Starch Analysis
One hundred grams of mature control and HS dry rice
grains were used for starch analysis. Freeze-dried rice grains
were powdered in a tissue lyser (TissueLyser, Retsch, Qiagen)
operating at 30 Hz for 60 s and passed through a 0.5 mm
screen. Soluble sugars were removed by washing the samples in
80% (v/v) ethanol, in a boiling water bath for 30 min, then in
96% ethanol at room temperature for a final wash for 10 min.
The supernatant was removed at the end of every step after
centrifugation at 10,000 × g for 5 min, and the pellet was dried
at 40◦C. The pellet was re-suspended using 2 M KOH and 1.2 M
sodium acetate buffer (pH 3.8). A total of 0.2 mL of a mixture of
amyloglucosidase (1630 U/mL) plus invertase (500 U/mL; from
Megazyme assay kit, Cat. No. K-YBGL) was added immediately.
The contents were mixed well, and the tubes were incubated
at 40◦C for 30 min according to the protocol described by the
manufacturer (Megazyme, Ireland). Absorbance for each sample
and D-Glucose standards were read at 510 nm against the blank.
Hormone Quantification
Mature NS, moderate (35◦C) and severe (39◦C) HS seeds were
imbibed in water for 8 h (Howell et al., 2009; Rajjou et al.,
2012), and then hormones of three biological replicates were
extracted using high-performance liquid chromatography-mass
spectrometry as described by Schmitz et al. (2015). Briefly, frozen
seed material was grounded into powder with a mortar and pestle
in liquid nitrogen. For each replicate, 100 mg (fresh weight)
of tissue were used. Then, 500 µL of extraction solvent, 2-
propanol/H2O/concentrated HCl (2:1:0.002, vol/vol/vol), were
added to each tube. Samples were transferred to a shaker at a
speed of 100 r.p.m. for 30 min at 4◦C. Next, 1 ml dichloromethane
was added to each sample and shaked for 30 min at 4◦C, following
a 5 min centrifugation step at 13,000 × g. After centrifugation,
two phases were formed; plant debris were distributed between
the two layers. Approximately 900 µL of the solvent was
transferred from the lower phase using a Pasteur pipette into a
screw-cap vial and the solvent mixture was concentrated using
a nitrogen evaporator with nitrogen flow. All samples were re-
dissolved in 0.1 ml methanol. Finally, 50 µL of each sample
solution was injected into the reverse-phase C18 Gemini HPLC
column for HPLC–ESI–MS/MS analysis. A standard curve was
calculated using GA20 (OlChemIm Ltd., Cat. 122481) to quantify
extracted hormone levels.
Statistical Analysis
For gene expression analysis, RNAseq data from NS (28◦C)
and HS (35 and 39◦C) developing rice seeds after 24 and
48 h of HS mapped to the rice ssp. japonica genome
(version 7.0) and were mined for hormonal response to
HS (Chen et al., 2016). Statistical analyses and heat maps
of expression profiles of genes involved in biosynthesis and
catabolism of ABA and GA were performed using the R
software/environment version 3.4.4 using data from three or
more independent experiments (n = 20 or more plants) as
described by Begcy and Dresselhaus (2017). A false discovery rate
(FDR) < 0.0001 was used. For all experiments, we performed
a t-test analysis to test the differences between control and
treated seeds. Differences in means were considered significant
at p-value < 0.05.
RESULTS
Transient Heat Stress During Early Seed
Development Negatively Impacts
Endosperm and Embryo Development
To observe the effects of HS imposed during early ED
development on mature rice seeds, we imposed a moderate
(35◦C) and a severe (39◦C) HS for 24, 48, or 72 h initiated at
24 HAF. We observed that moderate HS (35◦C) during early
seed development significantly reduced the final seed size at
maturity (Figure 1A). The reduced size of HS seeds at 35◦C was
a result of reduced seed length, width, and weight in mature
seeds (Figures 1B–D). We also observed embryo malformation
in seeds HS for 72 h at 35◦C (Figure 1A). Embryo malformation
was characterized by irregular shape and reduced size relative to
control seeds. Seeds exposed to severe HS (39◦C) during early
seed development exhibited variable degree of malformation at
maturity. The duration of 39◦C HS directly impacted the severity
of mature seed phenotypes (Figure 2A). The decrease in seed
size after 24, 48, or 72 h at 39◦C of HS was clearly reflected in
reduced seed length, width, thickness, and weight at maturity
(Figures 2B–E). We observed a significant decrease in seed
weight (Figure 2D), indicating that even a short duration severe
HS during early seed development results in collapse of ED.
Seed viability of 39◦C HS seeds (Figure 2A) was significantly
reduced.
Developmental Transitions During Early
Endosperm Development Are Affected
by Heat Stress
Early seed development entails a transition from a syncytial
ED, where nuclei are freely dividing without cytokinesis to
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FIGURE 1 | Morphometric analysis of mature rice seeds harvested from non-stressed (NS) plants (28◦C) and plants exposed to moderate heat stress (HS; 35◦C).
(A) Comparison of mature rice seeds with and without husk between NS seeds (28◦C) and moderate HS seeds at 35◦C for 24, 48, or 72 h, imposed 24 h after
fertilization. (B) Length; (C) Width; and (D) Weight. Length, width, and weight of dehulled seeds were significantly (∗p-value a < 0.001, ∗∗p-value < 0.0001, n = 100)
reduced by HS. Bar = 1 mm.
FIGURE 2 | Seed malformation in mature rice seeds of plants NS (28◦C) and plants exposed to 39◦C HS. (A) Comparison of mature rice seeds with and without
husk between NS seeds (28◦C) and 39◦C HS seeds for 24, 48, or 72 h, imposed 24 h after fertilization. (B) Length; (C) Width; (D) Thickness; and (E) Weight.
Length, width, thickness, and weight of dehulled seeds were significantly (∗p-value < 0.0001, n = 100) reduced by a different HS duration. Bar = 1 mm.
initiation of cellularization. We collected developing seeds of
control (28◦C), moderate (35◦C), and severe (39◦C) HS plants
and performed cross-sections (Figure 3). A schematic overview
illustrating early seed development formation under control,
moderate and severe HS is presented in Figure 3A. Under
control conditions the overall pattern of rice seed development
indicated syncytial ED stage at 48 HAF, followed by early
cellularization stage at 72 HAF and mid cellularization by 96 HAF
(Figure 3B). Under moderate HS, developing rice seeds exhibited
accelerated cellularization and were completely cellularized at
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FIGURE 3 | Effect of heat stress on developing rice seeds. (A) Schematic drawing showing early stages of endosperm (ED) development under non-, moderate, and
severe HS conditions. (B–D) Histological analysis of early developing rice seeds under control conditions (28◦C), moderate (35◦C), and severe HS (39◦C). Seeds
were harvested at 48, 72, and 96 h after fertilization (HAF) for control, moderate, and severe HS. Upper row: sections of NS seeds (B). Middle row: sections of
moderate-stressed seeds (C) and bottom row: section of severe-stressed seeds (D). Developing seeds at 48 HAF (Left), 72 HAF (Middle), and 96 HAF (Right).
Moderate HS accelerated cellularization. Severe HS delayed cellularization. Radical Microtubule System (RMS), central vacuole (CV), ED. Scale bar = 200 µm.
72 HAF (Figure 3C). In contrast, seeds exposed to severe HS
(39◦C) failed to initiate cellularization 72 HAF and the central
vacuole (CV) was still present at 96 HAF (Figure 3D). Our data
suggest that 35◦C accelerated and 39◦C delayed the duration
of the syncytial stage and transition toward cellularization,
respectively.
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Transient Heat-Stress Alters the Seed
Maturation Rate
To determine the impact of a transitory HS during early seed
development on seed maturation, we measured the speed of
ripening in control (28◦C) and HS spikelets at 35 and 39◦C.
NS spikelets started to mature 25 days after fertilization (DAF),
reaching 50% of maturation 31 DAF and 100% at 38 DAF.
HS plants had faster maturation rates when compared with NS
plants. Spikelets of moderate stressed plants for 24 h started
to mature at 21 DAF, reaching more than 60% maturity at 27
DAF, and complete maturation by 31 DAF. Seeds that were
HS for 48 h showed 45% maturation at 27 DAF and 100%
maturation by 31 DAF (Supplementary Figure S1A). Seeds
exposed to a severe HS for 72 h (Supplementary Figures S1B,C)
did not reach ripening stage. Severe stress for 24 and 48 h
resulted in 50 and 80% non-viable seeds. Therefore, both the
intensity and duration of HS, however, transitory, impacted seed
maturity.
Short-Term Heat Stress During
Development Alters Germination Rate
Seed exposed to 39◦C during early seed development were non-
viable and failed to germinate (Figure 2A). Seeds exposed to
35◦C during early seed development had different germination
rates during a time course study (Figures 4A–C). Control
seeds reached 42% germination 36 HAI and 100% at 54
HAI (Figure 4B). Seeds exposed to 24 h of HS during
early seed development exhibited accelerated germination rate,
reaching 30% at 30 HAI and 100% at 36 HAI (Figure 4B).
Forty-eight hours of HS during early seed development
resulted in a germination rate similar to NS seeds; 100%
germination at 48 HAI (Figure 4B). A longer period of HS
(72 h) was detrimental as only 30% of seeds germinated
(Figure 4B).
Effects of Exogenous ABA on Moderate
Heat-Stressed Seeds
We next examined the ABA sensitivity of the seedlings obtained
from control and HS seeds to determine if ABA responses
are altered due to HS treatments. ABA delayed germination
in control and HS seeds (Figures 4D,E). However, 24 h
HS seeds were ABA-hyposensitive. The germination rate was
higher in 24 h HS compared to control seeds, showing 100%
germination at 72 HAI in 24 h HS seeds, while NS seeds
reached 60% germination at the same time point. Seeds stressed
for 48 h also had higher germination rate and reached 100%
germination at 86 HAI. Seventy-two-hour HS seeds reached only
30% germination when treated with ABA (Figure 4E). These
post-germination assay results indicate that 24 and 48 h HS
seedlings were less sensitive to exogenous ABA. After 5 days
of imbibition, shoot length was higher for seeds stressed for
24 h (Figure 4F), while control and 48 h HS seeds were clearly
shorter (Figures 4D,F). After 8 days of ABA imbibition, 24 h
HS seeds derived plants were taller compared with NS seedlings
(Supplementary Figure S2).
Effects of Exogenous GA on Moderate
Heat-Stressed Seeds
Next, we examined the impact of HS on GA sensitivity
during germination (Figures 4G–I). Control, 24 and 48 h
HS seeds reached 100% germination at the end of the time
course experiment. However, 72 h HS seeds only reached 30%
germination (Figure 4H). At 30 HAI, 60% of 24 h HS seeds and
10% of NS seeds had geminated. The germination percentage of
48 and 72 h HS seeds was 28%. Post-germination assays showed
no significant differences in shoot length among NS, 24 and
48 h HS seeds (Figures 4H,I), while 72 h HS seeds did not
produce viable plants (Figure 4G). Collectively, this data suggests
that GA affects the germination rate of HS and control seeds
similarly.
Transcript Level GA and ABA Crosstalk
During Heat Stress
Given the differential hormonal response of the seeds during
germination, we queried the previously published RNAseq
dataset for developing seeds growing under 35, 39◦C, and control
conditions sampled after 24 and 48 h of HS (Chen et al., 2016).
We aimed to determine the level of transcriptional perturbation
of GA and ABA pathway genes during the transient HS. The
GA and ABA pathway genes that are differentially regulated
between control and HS samples are listed in Supplementary
Table S1. The gene annotation information for these two
hormonal pathways was obtained from GoMapMan (Ramšak
et al., 2014). Differentially expressed GA and ABA synthesis and
catabolic pathway associated genes are represented as a heat
map in Figures 5A–D. Moderate HS decreased the expression
of GA biosynthesis genes (GA20ox2 and GA3ox2) and increased
the expression of genes encoding for GA catabolic enzymes
(GA2ox7 and GA2ox8). Expression of two ABA catabolic genes
was higher in control and stressed samples at 48 HAF but
was suppressed by 72 HAF. However, 24 h of moderate
HS down-regulated another ABA catabolic gene, OsABA8ox2
(LOC_Os08g36860) (Figure 5D). In context of GA and ABA
crosstalk, we found the response of OsAP2-39 to moderate HS
to be noteworthy. OsAP2-39 is a APETALA2 (AP2) class family
transcription factor known for its role in regulating the GA
and ABA antagonistic crosstalk in rice. OsAP2-39 controls the
ABA-GA homeostasis by positively regulating the key enzymes
OsNCED-1 and EUI, involved in ABA biosynthesis and GA
deactivation, respectively (Yaish et al., 2010). We found that
expression of OsAP2-39 in developing seeds to be induced by
more than two-fold in 48 h moderate stressed seeds relative
to corresponding control seeds (Figure 5E). At least at the
gene expression level, the transcript abundance of OsAP2-39
is consistent with overall increase in ABA biosynthesis and
decreased GA biosynthesis. It is pertinent to note that change
in expression of OsAP2-39 in transgenic rice also affects the seed
size (Yaish et al., 2010). Consistent with earlier reports, our data
provides evidence that transient HS perturbs the antagonistic
regulation of ABA and GA biosynthesis genes in young rice
seeds.
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FIGURE 4 | Altered hormone sensitivity of mature HS seeds during early seed development. (A–C) Moderate (35◦C) HS seeds during early seed development
display altered pattern of seed germination. (A) Five days after imbibition (DAI) of NS and HS rice seeds submitted to 24, 28, and 72 h of HS during early seed
development. (B) Germination time course of NS and HS seeds. Germination rate was measured every 6 h starting after imbibition (HAI). (C) Shoot length of NS and
HS rice seeds under control conditions measured at 5 DAI. Twenty-four hours of moderate HS (35◦C) during early seed development reduces ABA sensitivity. (D–F)
Germination analysis of control and stress seeds treated with 5 µM ABA. (D) Photographs show representative seedlings at 5 DAI, (E) germination rate, and
(F) Shoot length at 5 DAI. Gibberellin (GA) did not influence seed germination after moderate HS imposition during early seed development. (G–I) germination
analysis of seeds treated with 1 µM GA. (G) Photographs show representative seedlings at 8 DAI. (H) Germination rate and (I) Shoot length of GA treated seeds at 5
DAI. Representative graphs are shown (∗p-value < 0.0001, n = 20 seeds in each experiment). Bar = 1 cm.
Hormone Content in Non- and
Heat-Stressed Seeds
Given the transcriptional perturbation of GA and ABA pathways
genes during the transient HS, we next directly measured the
hormone levels in control and HS seeds at maturity. We found
significantly higher levels of GA3 in all seeds stressed at 35◦C
compared with NS seeds (Figure 6A). However, ABA levels
in the same samples were reduced, except for the 24 h HS
seeds (Figure 6B). Under severe HS (39◦C), ABA and GA
levels were significantly higher in all time points (Figures 6D,E).
GA/ABA ratio was clearly altered under moderate and severe
HS (Figures 6C–F), showing increase at 24 and 48 h of HS.
However, 48 h of HS seeds had much higher GA/ABA ratio
than seeds exposed to 24 h HS. These results suggest that while
short term stress clearly alters the GA and ABA pathway genes
and likely hormone levels, they are as expected, not the only
developmental stage determining the final GA and ABA levels in
seeds at maturity.
Starch Content Is Altered in
Heat-Stressed Seeds
Starch is the main carbon source during germination and seedling
establishment. We examined the impact of HS during early seed
development on starch accumulation at maturity. Total starch
content of non- and HS rice seeds is shown in Figure 7. NS
seeds showed an average of 54 mg of starch/100 mg of dried
seeds. Seeds HS at 35◦C for 24 h during early seed development
showed 14% higher total starch content (Figure 7A). Elevated
total starch content in 24 h HS seeds could at least partly explain
the accelerated germination speed (Figure 4B). HS seeds for 48
and 72 h showed a slight, but non-significant increase in starch
content (Figure 7A). At 39◦C, we observed a drastic reduction
in total starch content which can be expected to have negative
effects on germination. Thus, 24 h of HS at 35◦C resulted in
higher starch content, accelerated cellularization (Figure 3) and
germination rate (Figure 4B). In contrast, any period of HS at
39◦C during early seed development was detrimental to seed
formation and maturation.
To further characterize the morphological changes prompted
by the different levels of HS, we performed longitudinal and
cross sections on mature seeds exposed to moderate and severe
HS during early seed development (Figure 8). In NS seeds, a
regular and uniform seed structure was observed (Figure 8A).
The seeds showed variable signs of damage and increased severity
of embryo damage at 72 HAF of 35◦C HS (Figures 8B,C). We
compared control and moderate HS seeds before maturation
(Figure 8E). A starchy phenotype similar to mature seeds is also
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FIGURE 5 | Heat stress induces transcriptional changes in ABA and GA related genes (A–D). Heat maps displaying the thermal sensitivity of ABA and GA pathway
genes involved in (A) GA biosynthesis, (B) GA catabolism, (C) ABA biosynthesis, and (D) ABA catabolism. (E) Bar graph represents normalized read counts of
OsAP2-39 in seeds control and HS seeds. ∗Represents false discovery rate (FDR) < 0.0001.
observed in immature seeds (Figures 8A,E). In contrast, under
severe HS, we observed clear structural damage (Figures 8F–
H). Our data indicate that moderate HS caused an increased
accumulation of starch that likely promotes post-germination
growth.
Heat-Stressed Seeds Showed Altered
Early Seedling Growth
To determine whether HS during early seed development affects
seedling establishment, we measured seedling growth at eight and
10 DAI (Figure 9). Shoot length after 8 days of imbibition did not
show significant differences among NS, 24 and 48 h HS seeds.
In contrast, shoot length for seeds HS for 72 h were significantly
shorter compared to NS seeds (Figure 9B). Interestingly, even
though NS, 24 and 48 h HS plants did not display differences in
shoot length, 24 h HS seedlings were developmentally advanced,
due to difference in leaf number per plant (Figure 9A). At
10 days after imbibition, NS and 24 h HS seeds showed similar
shoot length, however, 48 h HS seeds were significantly shorter
(Figure 9C). Taken together, these data suggest that HS during
early seed development alters the overall pattern of seed and plant
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FIGURE 6 | GA3 and ABA are altered in mature seeds when exposed to short-term periods of moderate and severe HS during early seed development. Seeds
under (A–C) moderate and (D,E) severe HS. (A) GA3 levels in moderate HS seeds. (B) ABA levels in moderate HS seeds. (C) GA/ABA ratio of moderate HS seeds.
(D) GA3 levels in severe HS seeds. (E) ABA levels in severe HS seeds. (F) GA/ABA ratio of severe HS seeds. Three independent experiments were carried out with
similar result. Representative graphs are presented. Results are presented as means (n = 20 seedlings per experiment, ∗p-value < 0.0001).
FIGURE 7 | Effect of moderate (35◦C) and severe (39◦C) HS on total starch content in mature rice grains. (A) Total starch content in NS and moderate HS seeds.
(B) Total starch content in non- and severe HS seeds. Three independent experiments were carried out with similar results. Representative graphs are presented.
Results are presented as means (n = 20 seedlings per experiment, ∗p-value < 0.0001).
development, speeding up during short periods of HS (24 h),
moderately delayed at 48 h and severely detrimental after 72 h
of HS during early seed development.
DISCUSSION
The sensitivity of ED development to environmental stresses has
been shown in maize, rice, and wheat through transcriptome
studies (Yu and Setter, 2003; Kakumanu et al., 2012; Folsom
et al., 2014; Begcy and Walia, 2015; Chen et al., 2016). At the
morphological level, our study showed high heat sensitivity of
rice ED during the syncytial stage (Figures 1–4), which leads
to precocious or delayed cellularization depending on stress
severity. Understanding the effects of short periods of HS during
early stages of seed development on mature seeds is necessary to
improve tolerance and protect yield. Detrimental effects of HS
were clearly observed on mature seeds (Figures 1, 2) and affected
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FIGURE 8 | Effect of moderate (35◦C) and severe (39◦C) HS on rice grains. The longitudinal and cross sections are of mature rice seeds and represent (from left to
right): (A) NS, (B) 24 HS at 35◦C, (C) 48 HS at 35◦C, (D) 72HS at 35◦C, (E) NS immature seeds, (F) 24 HS at 39◦C, (G) 48 HS at 39◦C, and (H) 72 HS at 39◦C.
n = 20, Bar = 1 mm.
FIGURE 9 | Moderate HS rice seeds during early seed development show altered phenotype during early seedling growth. (A) Shoot growth after 8 DAI.
Photographs show representative seedlings. (B) Shoot length of control and HS seeds at 8 DAI. (C) Shoot length at 10 DAI. Five independent experiments were
carried out with similar results. Representative graphs are presented. Results are presented as means (∗p-value < 0.0001, n = 20 seedlings per experiment).
Bar = 1 cm.
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germination (Figure 4) and seedling establishment (Figure 9).
Although an overall negative effect of HS on mature seeds was
observed, seeds HS for 24 h displayed improved germination
rate and seedling establishment in a manner similar to primed
seeds.
A variety of seed priming methods including osmotic,
chemical and plant hormones during pre-soaking, and other seed
pretreatments have been shown to improve plant performance
(Basra et al., 2006; Farooq et al., 2006; Hussain et al., 2017;
Ruttanaruangboworn et al., 2017). For instance, GA3 and
ethylene stimulated the elongation of embryonic tissues and
internodes of rice seedlings while ABA promoted coleoptile
elongation (Lee et al., 1998). Another well-established seed
priming method is the application of a dry heat treatment
on seeds to interrupt seed dormancy and ensure better seed
germination (Dadlani and Seshu, 1990). In cotton and rice,
short incubation periods of seeds under elevated temperatures
(60◦C) markedly improved seedling emergence and vigor (Basra
et al., 2004, 2006). Our transient moderate HS treatment
during early seed development improved seed germination rate
and advanced seedling establishment, suggesting that short-
term episodes of HS enhance seed performance. Both ABA
and GA pathways are perturbed at gene expression level
after 24 and 48 h of moderate HS (Figure 5). It is possible
that the transient HS alters either the level or sensitivity
of the seeds to ABA and/or GA, which persists in the
next generation until hormone homeostasis is reestablished in
response to developmental program and seedling’s environment.
Several studies have indicated that germination-related genes
are activated and maintained by priming treatments, indicating
the role of pre-germination metabolic steps in germination
(Gallardo et al., 2001; Soeda et al., 2005). Natural or artificial
seed priming induces the mobilization and solubilizes a
variety of compounds necessary for seed germination (Bailly
et al., 1998; Capron et al., 2000; Gamboa-deBuen et al.,
2006). Among other pre-germination metabolic changes, seed
priming decreased the level of organic compounds (Bailly
et al., 1998), changed fatty acids contents (Walters et al.,
2005), and induced α-amylase production (Mwale et al.,
2003). We observed an increased accumulation of total starch
that may accelerate germination of 24 h HS seeds, resulting
in enhanced emergence. ED storage, especially for starch
is initiated once cellularization is complete (i.e., no CV
persists). It is possible that precocious cellularization initiates
early starch accumulation in 24 h HS seeds. However, early
maturation of HS panicles observed in our experiments could
potentially negate early cellularization enhancement for starch
storage.
In cereals, the major storage compound is starch
(Bewley, 1997; Shaik et al., 2014). Starch serves as the
principal carbohydrate storage in most plants and can
be rapidly mobilized to provide soluble sugars that can
be used for germination and other metabolic processes
(Bewley, 1997; Shaik et al., 2014). Abiotic stresses lead to
a depletion in starch content and, consequently, a rise in
the accumulation of soluble sugars (Krasensky and Jonak,
2012). We observed an altered germination speed and total
starch accumulation (Figures 4, 7). Seeds germinated from
plants exposed to moderate HS (35◦C) for 24 h, showed
higher germination rates (Figure 4B) which coincided with
higher total starch content (Figure 7). Since most of the
seed starch is remobilized to support germination (Bewley,
1997), this indicates a positive correlation between increased
germination rate and the quantity of total starch available for
the anabolic pathways required during germination and seedling
establishment.
In non-climacteric fruits that have little or no ethylene
requirement for ripening during fruit development, ABA has a
stronger role; the decrease in auxin and the concomitant increase
in ABA are significant events that signal the developmental
transition to ripening (Jia et al., 2011). We observed an
increase in ripening rate of 24 and 48 h HS spikelets
suggesting a relation between accelerated speed in cellularization
(Figure 3) and earlier ripening (Supplementary Figure S1A).
Seeds that were HS for 24 h displayed higher ABA levels in
mature seeds, which may indicate altered hormone balance
on HS seeds. Our results show that 24 h of HS altered the
GA/ABA ratio, which is consistent with our observation of
increased germination speed (Figure 4B), and faster seedling
establishment (Figure 9). Interestingly, 48 h of HS also
displayed an altered ratio of GA/ABA, however, only in
24 h HS seeds an elevated starch concentration was observed.
Inhibition of germination and maturation has been linked
to an increase in up to two fold of the GA/ABA ratio
in maize and Arabidopsis seeds (Koornneef et al., 1982;
White et al., 2000). Additionally, ABA content in seeds was
positively correlated with variations in dormancy in seeds with
a similar degree of ABA sensitivity (Hilhorst, 1995; Bewley,
1997). Based on our results, we cannot clearly separate the
impact of altered GA/ABA ratio and increased starch content
on improved germination and seedling vigor of 24 h HS
seeds.
During grain filling, ABA levels have been shown to
influence the deposition of different seed compounds (Koornneef
et al., 1982; Hilhorst, 1995; Bewley, 1997; Zhou et al., 2013).
We observed an overall decrease in starch content when
seeds were exposed to variable periods of moderate and
severe HS during early seed development. However, 24 h
of moderate HS increased total starch content (Figure 7),
providing more resources for seed germination (Figures 4A,B)
and seedling establishment (Figure 9). The duration of HS
during seed development could have a big impact on subsequent
generations. Studies focused on how HS affects the seed
filling period suggest that the timing of stressful conditions
might be decisive, since it could impact the biosynthesis of
specific storage compounds (Yu et al., 2010). Interestingly,
we found that HS on early developmental stages has a
negative impact on storage compound accumulation. In wheat,
it was demonstrated that drought stress during early seed
development affects gene expression of storage compounds
(Begcy and Walia, 2015), suggesting that different stresses
during early seed development might modify the downstream
expression of genes associated with the synthesis of seed storage
compounds.
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Predicted increase of global temperature in the future
is expected to negatively impact food production in many
regions. During reproductive development and particularly
early seed development, exposure to stresses could limit plant
productivity even more. Understanding the physiological
and morphological responses of HS plants during early
ED development integrated with molecular findings could
help develop more resilient cultivars and agronomic
practices.
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